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Abstract

We intend to build a low backgroud detector based on a gas TPC to be installed
near a nuclear reactor in Bugey for the experimental study of 7.e™ scattering. The
threshold on the electron recoil energy can be set very low, around 500 keV, giving
the experiment a good sensitivity to the magnetic moment of the 7., extending down
to 2-3-107!! Bohr magnetons.

Other applications of the proposed detector in low energy particle physics are
also discussed.



Contents
I. Introduction, motivation

1) The physics of neutrinos with magnetic moments, and
astrophysical implications
2) Present experimental situation

I1. Ceneral detector concept
I1I The reactor as neutrino source

1) The experimental site
2} The reactor neutrino spectrum

IV. Detailed description of the experimental set-up

1) Acrylic vessel

2) Gas purification

3) Wire planes, x—y pad

4) Read-out electronics
.5) Anti-Compton, scintillator, light collection
B) Steel vessel, shielding

7) Material activities

V. Signal and background

1) Event rate, simulation

2) Background from the cosmic muons
2.1} Cosmic-ray flux
2.2) Stopped muons
2.3) Interactions of through-going muons

3) Neutron backgrounds

4} Natural activities
4.1) shielding materials and outer parts of the detector
4.2) inner part of the TPC

5) Signal vs background, capability of the experiment
5.1} Summary of backgrounds

- 5.2) Capability of the experiment

VI. Other experiments with the MUNU detector

1) Neutrinoless double beta decay
2) Search for dark matter

Appendix

Cost estimate and Schedule



I. INTRODUCTION, MOTIVATION.

I.1 The physics of neutrinos with magnetic moments and astro-
physical implications

The neutrine magnetic moment matrix prpr (£, £ = e, g, 7), like the mass matrix myy,
is fundamental and its experimental study may provide insight on new physics.

In the standard model, neutrinos are massless Dirac particles and have vanishing mag-
netic moments. In the simplest extension neutrinos are still Dirac particles but may have
masses and acquire a magnetic moment through radiative corrections {1], [2],

_ 3Gremyy
poar = 8+/27?

in Bohr magneton units, much too small however to be of any significance in lab exper-
iments or in astrophysics. In left-right symmetric models the magnetic moments can be
more important, of order 107** for the v,. This is still small for presently planned ex-
periments. But models predicting moments up to 10°% have been built (see for instance
(3], [4], 5], [6], [7], [8]). These models incorporate new particles, for instance they have
a richer Higgs sector. Neutrinos may be of Dirac or Majorana type, with the restriction,
in the Majorana case, that gy is antisymmetric and only iransition moments connecting
different flavors are allowed, but not static moments.

=3.2-107 - my(eV) (1)

Magnetic moments will give the neutrinos electromagnetic interaction, allowing scat-
tering from the active left handed v,y states into the sterile vy g states. Scattering cross-
sections for both neutrino-baryon and neutrino-electron will be affected, which makes it
possible to find evidence for magnetic moments in lab experiments. The contribution,
compared to that of the usuel weak interaction, increases with decreasing neutrino energy
[9]. But at low energy the baryon recoil is very small and difficult to measure. The elec-
tron recoil energy is much larger and the best way of looking for the magnetic moment of
the v, seems to be the detailed study of

v.e” = Ve  and v.eT — e~ (2)
scattering at low energy. More generally these reactions are fundamental and their study
provides information on basic features of the weak interaction. Both charged (CC) and
neutral currents (NC) are involved. They are expected to interfere if the NC and CC final
state neutrinos are identical, as assumed in the standard mode! [10]. A measurement of the
differential cross section of either reaction allows, in principle, to determine the Weinberg
angle sin?8w and to observe the interference which is expected to be destructive for
reasonable values of sin?0yw. Practically however U.e™ — V.e™ only has a good sensitivity
to both effects, while v.e~ — ve” essentially probes the interference only.



The differential cross section is given by [9], [10]:
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where T is the electron kinetic recoil energy, E, the neutrino energy; 1n the standard
model one has:

for v,
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is the effective magnetic moment; z is calculated from the neutrino form factors, for Dirac
neutrinos it is related to the square charge radius < 72 > of the neutrino

Here

2M3,
3

T = < r? > sin?by for Ve, z — —z for 7. (4)

The terms on the first line are due essentially to W and 2 exchange. Their contribution
to the total cross-section increases linearly with E,. The term on the second line comes
from the magnetic moment interaction, and its contribution increases only logarithmically.
To observe this term one must use low energy neutrinos.

But the most spectacular consequence of magnetic moments will be the precession
of neutrinos from left handed v,y states to right handed vpr states in the presence of a
transverse magnetic field B,. In vacuum, assuring for simplification two neutrino states
£ and £ diagonal in the mass, the evolution is given by:

1i Lyr, — —Amz/ﬁlE ,u,wBl Vrr (5)

dt Vg Hey B_L Am2/4E vrna
Here E is the neutrino energy, and Am? = mig — mjy is the difference of the squared
masses. In case of equal masses, for instance if the neutrinos are Dirac with £ = £,

the precession frequency is |uew|[|By|. This is too small to have any effect in terrestrial
experiments, but may be important in astrophysical systems,

Ir fact, solar neutrino astronomy is at the origin of the recent interest in the magnetic
moment of the neutrino. Such a moment might be responsible for the observed low flux
of 8B v, from the sun in the 371 [11] (also see ref. [12]} and Kamiokande experiments
[13]. These neutrinos have relatively large energies, several MeV. Voloshin, Vysotskii
and Okun [14] have pointed out that the sun, in solar active years, has a nearly torcidal
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magnetic field above and below the equator, in the 2 - 10’® em deep convective zone.
The strength , during solar active years, is of order a few kG. If some p. 1s of order
10-1° — 10~1!, the 3B 1., which are produced very near the center of the sun, may flip
their spin on their way out when crossing the magnetic fleld, and become sterile. One
then expects the solar B flux to be modulated with the 11 year solar cycle, which is in
fact suggested by the *7C1l data, although not observed by Kamickande.

To be precise, in addition to the magnetic moments, a complete treatment of neutrino
propagation must take into account the interaction with matter and the effect of masses,
diagonal or not [15], [16]. The magnetic field in the core interior may also be important.
The field distribution in the sun interior is poorly known, and assumptions must be
made. Many scenarios are possible, depending on the choice of parameters [17], [18],
[16]. Suppression of the precession, or complete conversion from one state to an other,
can then occur. Also, it may be necessary to include three families of fermions in the
calculations, instead of two, as is dome usually to simplify {20]. Considering all these
parameters, 1t seems possible to reconcile {21], [22] the fluxes and time dependence of
the *7Cl and Kamiokande experiments, as well as the flux of Jow energy neutrinos, below
expectations, reported by the Ga GALLEX experiment [23], [24].

Astrophysical observations suggest that, with moments of order 107*° — 107}, neutri-
nos would be of the Majorana type. If neutrincs were Dirac particles, then the observed
duration (several seconds) of the SN1987A neutrino burst implies much smaller values:
per < 1—20-107% [25], {26], [27]. These limit assume that right-handed neutrinos are
sterile and can escape from the supernova, and in any case do not apply to Majorana
neutrinos. Limits from stellar cooling apply to both Dirac and Majorana neutrinos, but
are less stringent: pp < 3-107%% — 1071 [9] [28], [29], [30). This is not in strong conflict
with magnetic moments of the strength considered, in particular if one takes into account
the model dependence of the astrophysical calculations.

Turning around the argument, one can say that, should the neutrino have a large
magnetic moment, it would play an important role in stellar physics. It therefore appears
important to look for the neutrino megnetic monent in a lab experiment.

1.2 Present experimental situation

Beam dumps at intermediate energy accelerators produce v. with energies from 0 to
50 MeV. The fluxes are not very high however, and the v, are accompanied by equal
numbers of v, and ¥,, which complicates the interpretation of the experimental data.
A measurements of v.e” — v.e” scattering has been performed at the LAMPF beam
dump [31]. In spite of a limited statistics the experiment showed that there was no room
for a constructive interference, and tentatively confirmed the destructive interference. As
expected the experiment did not give a precise value for the Weinberg angle. It also
produced a not very stringent upper limit for the magnetic moment of the v.: gy <
1.08-10-° [32].

Nuclear reactors appear more attractive. They are copious sources of 7, with energies
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between 0 and 8 MeV and are ideally suited for such an experiment. The energy spectra
are known with good precision, better than 3 % for E, between 1.5 and 8 MeV [33], [9].
Figure 1. shows the expected electron recoil spectra at a 2350 reactor, using eq. 3 and
taking sin’fy = 0.226. The contribution of W and Z exchange 1s shown, as well as that
from a magnetic moment g, = 107°. One sees that the lower the electron recoil the
better the sensitivity to the magnetic moment.

Only few attempts have been made to measure 7, e~ scattering. The UC Irvine group
led by F. Reines [34] built the first detector dedicated to the study of elastic T,e~ — T.e”
scattering. The detector was operaied successfully at the Savannah River Plant (SRF)
in the mid-seventies, where the reaction was observed for the first time. The aim was, in
these days, to verify the predictions of the standard model. The detector consisted of a
15.9 kg plastic scintillator, coarsely segmented and surrounded by a Nal counter, a Pb
shield and a liquid scizntillator to veto cosmics. The signature for a good event was given by
a single count in one of the elements of the plastic scintillator with nothing in coincidence.
The Nal gave a good anti-Comptor efficiency allowing an efficient suppression of the v
background. Events from the 7, + p — e* + n reaction in the plastic (200 events-day™1!)
were efficiently identified by the detection of the annihilation v rays and/or by the delayed
neutron capture signal in the plastic scintillator or in the Nal, and rejected.

The detector was placed at 11.2 m from the core of the reactor operated, at the time,
at a power of 1800 MWth, so that the neutrino fux was around 1.9-10*% em—25-!. Since
the cross section is small and the signature rather poor it was necessary to reduce the
background from natural activities to a minimum by selecting clean materials for all the
.components.

Events were recorded during 64.6 days reactor on and 60.7 days reactor off. The count
rates in two bins of electron recoil energy T were shown in table 1.

In spite of the low singles background the signal to noise ratio is somewhat marginal.

Table 1: Event rate in the Savannah River experiment

T(MeV) | Events/day
| Reactor on | Reactor off on-off
1.5-3 451 +£1.0 | 38.24+09 | 594+ 1.4
3-4.5 24019 1 1.2 +014 |12+ 0.25

These data were compared with standard model predictions based on eq. 3 and on the
then accepted reactor spectrum, resulting from a calculation (35]. Agreement was found
and the value sin® 6w = 0.29 + 0.05 was derived. This is consistent with the best value
{o date obtained by the CHARM II collaboration (36] in v e™ scattering, an other purely
leptonic process: sin2fy = 0.232 & 0.014.

We now know however that the reactor spectrum used in this original analysis was
much too hard. Vogel and Engel [9], using the presently best determination of the reactor
spectrum and fixing sin® 6 to the presently accepted value find that the measured rates in
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the two energy bins given above are 1.35+0.4 and 2.0£0.5 times larger than the expected
ones. Taken literally this discrepancy indicates new physics beyond the standard model.
One can reconcile the data with eq. 3 by introducing a neutrino magnetic moment s, =
(2 — 4) - 107%°, of the right order for the spin flip mechanism in the sun to occur! Of
course, the experiment is very difficult, and the discrepancy may be due to an instrumental
problem.

More recently, a group from the Kurtchatov Institute in Moscow has also successfully
observed v e~ scattering {37]. The detector consists of seven identical cells, and filled with
a C¢Fs based liquid scintiilator (103 kg in total), with low hydrogen content, which serves
as active target material. These cells are viewed by two photomultipliers, one on each side,
connected by long light guides to suppress the background from the glass. All the materials
chosen are radiochemically very clean, to reduce the background from natural 4K, #32Th
and **8 activities, and are essentially hydrogen free, so that there is little background
from the reaction 7, +p — e¥ +n. The detector is surrounded by various shielding layers
to reduce the background from local activities. A plastic scintillator, placed on top of
the shieldings, suppresses the background from the cosmics. The neutrmmo flux, at the
detector site, is 3.4+ 102 em™%s7 2.

So far, data have been taken for 250 days with reactor on, and 80 days with reactor
off. The difference gives the reactor associated signal, which is clearly present above 3.15
MeV electron recoil energy, as can be seen from table 2. It is estimated that 0.1 event/day

Table 2: Event rate in the Kurtchatov experiment

T(MeV) | Events/day
Reactor on | Reactor off on-off
3.13-5.17 | 8.27T = 0.18 | 7.49 = 0.31 | 0.78 £+ 0.36

comes from the background of the reaction 7, + p — e* + n, the remaining 0.68+0.36
being due to ¥.e” scattering. This rate is compatible with expectations, obtained with
sin fw = 0.23, and leads to the imit u, < 2.4 . 107° for the neutrino magnetic moment.
This results is not in conflict with the UC Irvine one.

It clearly appears important to improve by a large factor on these results, and clanfy
the situation. We propose to measure V,e™ — T.e~ scattering with much bettier precision.

We are plenning to use a gas time projection chamber (TPC), the drift volume of
which serving as electron target. We should thus be able to identify well single electrons
originating from inside a predefined fiducial volume. Such a good signature should help
in keeping the background down. For instance, multi-Compton events inside the dmnft
volume can be rejected. Beta activities from the walls will be identified as such.

Since we have tracking, we can measure the scattering angle ¢, of the electron. It is
not so smeall at these energies:

T(E, +m.)

O = T B,

(pe is the electron momentum),



and multiple scattering is non negligible. So this will only give a modest background
suppression. But it will allow a simultaneous measurement of signal plus backgrouad
events in the forward direction and background events only in the backward direction.
Background can thus be measured on-line, while the reactor is on. This is particularly
mmportant in the case of a non optimal signal to background ratio, since the reactor of
periods are in general too short to reach good statistical precision.

We note that part of the SRP background was due to natural activities. Much Progress
kas been accomplished these recent years in low background techniques, and cleaner mate-
rials are available. The materials to be used must, in addition, also have little cosmogenic
activation, since all power reactors are aboveground.

We will use a hydrogen free medium for the detector, so we will completely suppress
the background from 7. + p — e* + n scattering.

One of the essential features of the SRP detector was the good anti-Compton rejection
which must be retained in a new design. For this, our TPC will be immersed in a hguid
scintillation detector.

The detector must be placed near a reactor as powerful as possible to maximize the 7.
flux, and as close as possible, keeping the reactor correlated background at an acceptable
level. The reactor correlated background must be neghgible. The Bugey reactor (2800
MWth) appears ideal. It has for a long time been used to search for neutrino oscillations
[38] - [41]. It emits about 5-10% 7, s~* and is on 11 months out of 12. A lab has been
installed underneath the core, with a room large encugh for the detector at a distance of
18.6 m from the core. This is the preferred location for the experiment. The access 1s
not very easy however for larger components, which will lmpose some constraints on the
design of the experiment.



JI. GENERAL DETECTOR CONCEPT.

The general concept of the experiment has been described previously in a letter of
intent [42]. The tracking detesctor is 2 1 m® time projection chamber (TPC) and is
conceptually similar to the Xe TPC presently operated in the Gotthard underground
lab by the Caltech-Neuchétel-PSI collaboration [43].

The gas should have low Z to minimize multiple scattering, and have a high electron
density. Among ncble gases Ne seems to be the best compromise. But even more atirac-
tive appears CF,, which has a very high density {3.68 g-I~! at 1 bar and thus a very high
electron density (1.06 - 2022 cm™2 at 1 bar), larger than that of Ne for instance. We will
work at 5 bar of pressure, and have a total number of target electrons of N, = 5.29 . 10%7.
The radiation length Xo = 35.9 g+ cm™% is acceptable. Its drifting properties have been
studied by various authors (see ref. [44] for 2 summary), and in particular by Schmidt
and collaborators in Heidelberg [45]. The drift velocity is very high, ~4 cm - gs™* for an
electric field of 600 V -em~?! at 5 bar. The total dzift time for a distance of 1.5 m would
thus be 38 ps, making the detector reasonably fast. The lateral drift is small and would
amount to 2.5 mm after 1 7 at the same fleld sirength. The longitudinal dnft, 2.2 mm
would be somewhat less.

All these parameters have been obtained from measurements at 1 bar and over a dnft
distance of a few cm. We have shown however that electrons can be drifted over long
distances in 5 bar of pure CFy with a mini-TPC prototype. The drift length was 20 cm
and the active diameter 10 cm. to achieve good purity, the gas was circulated continuously
through an Oxysorb filter to remove oxygen and a cold trap to remove water and possible
freon contaminations. A mean drift distance of 975 m at 5 bar and 2t 600 V - e~ was
achieved, which is good enough for our application [46]. Measurements of the drift velocity
from the pulse lengtk of through-going cosmic muons were also performed and gave 3.4
em - ps~Y for an electric field of 100 V-cm™-bar™, 5.9 e - ps™! for 200 V-em™ - bar ™,
and 7.5 cm - ps™! for 600 V - em™! - bar™!, in good agreement with the values from the
litterature [44]. Upper limits for the lateral drift close to the above mentioned values were
also obtalned.

The cosmogenic activation of ¢ end F is reasonably low since these nuclei are light.
We will elaborate more on this later. Also CFj is not toxic, not flammable, and relatively
cheap {~2 SF per lLiter).

The general layout of the detecior as we envision it now is shown in fig. 2. The CF,
gas at 5 bar is contained in a cylindrical acrylic vessel of inner diameter 90 cm and 158
cm long. The drift volume is delimited by a cathode on one end of the vessel, and & grid
on the other one. These, along with field shaping rings at successive potentials on the
outside of the vessel cylinder, provide an homogeneous drift field. With this design, the
C F, volume is active over its entire diameter.

Behind the grid is an anode plane. The anode wires are separated by potential wires.
The inner diameter of the frame is 90 em. All anode wires are connected together to give
the energy signal. The following plane contains two sets of isolated perpendicular strips
to pick up the induced signals. The pitch, 3.3 mm, is well adapted to the lateral drift
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in CFy. This £ — y plane provides the spatial information along the z and y axis in the
anode plane. The z — y plans is kept 2t ground potential, while the anode plane is at
a positive high voltage large enough to have good amplification around the anode wires.
This way the number of high voltage feed-throughs is minimeal, whick is important for the
low background environment. The third coordinate, along the drift field (z) is determined
from the time evolution of the signals. This only allows a determination relative to the
point of the track closest to the grid. An absolute determination of 2 may be possible if
we can exploit the cathode or grid signal. We are exploring this point.

To fully exploit the information provided by the TPC, it is foreseen to use a read-out
electronic with fast flash ADC’s for the anode and each z or y strp.

Electron tracks have been simulated and some examples are shown in fig. 3. Using
the first 2 cm of the track and a non oplimized procedure we have reconstructed the
measured distribution of the electron scattering angle ¢o.. The results are shown in fig. 4.
One sees that for 0.5 < T < 1 MeV ¢, is always less than 1.5 rad. At higher energies the
distribution gets narrower. These distributions gel only marginally wider when the finite
strip spacing of 3.3 mm is taken into account.

The acrylic vessel will be immersed in a stainless steel tank filled with a mineral oil
based liquid scintillator. The steel vessel will be pressurized so as to have a small pressure
difference between the inside and the outside of the lucite vessel. Top and bottom Iid of
the vessel will be instrumented with photomultipliers. The scintillator will serve to veto
the cosmic muons and as anti-Compton detector. For good anti-Compton efficiency, say
of order 99 % a thickness of around 50 to 60 em is necessary assuming a density around
0.9 g-om™2, as well as a threshold around 100 kel. This requires a good photomultiplier
coverage, about 20 % for a light transmission length of several meters, and triggering at
the 10 photoelectron level, which seems doable. This corresponds to a total of some 40
photomultipliers of 20 cm diameter.

The Liguid scintillator and the steel vessel will also serve as passive shielding, but will
not be sufficient. It will be necessary to add 15 em of low activity Pb around the steel
vessel to reduce the local activities. Concerning the cosmic rays, the Bugey lab is in a
favorable situation. It is below the core, and has a large overburden of steel, concrete
and water corresponding to about 20 m water equivalent. This attenuates the muons
by a factor 4, and eliminates the nucleons. Nevertheless, materials with low cosmogenic
activation must be selected for the construction of the detector.

In the following chapters, a detailed description of the apparatus is made. In section
III, the reactor is described. In section IV, the various detector components are presented.
Signal and background rates are discussed in section V.



ITI. THE REACTOR AS NEUTRINO SOURCE.

A nuclear reactor is an intense and very pure source of ¥,. In average, six ¥,, are
emitted per fission from S8~ of neutron enriched fission fragments with a total kinetic
enrgy of 11 MeV. A power reactor of 2800 MWith such as Bugey 5 produces a flux of
5-10%° ¥, per second into 4r.

I11.1 The experimental site.

The Bugey nuclear power plant is located about 40 km East of Lyon and 150 km from
Geneva and has been used for a long time to search for neutrino oscillations [38] - [41].
The reactor is built on a concrete raft with large caves (fig. 5.) Experimental area (RC60
and RO70) have been installed in the basement of the reactor Bugey 5. The closer area
R060 located at 15 m from the core where has been taking place untill end of 1992 a
neutrino oscillation experiment is however not the most appropriate : we would need a
new derogation to the U4 procedure which requests this area to be sanded; moreover, there
1s some residual reactor associzted gamma and may be also neutron flux. We propose to
install the detector in the area RQ70 (fig. 6.). This area has been the repair laboratory
for the previous experiment and is equiped with electricity, and fire detection system. It
is located at a distance of 18.6 m from the core, where the neutrino flux available 1s 10%3
em™? .57, EDF has already yielded an agreement to the collaboration for the setting-up
of our experiment iz this area. However minor modifications to the exasting installation
as well as an upgrading of fire protection system have to be realized.

The gamma activity of this area measured without shielding with a same Nal crystal
is slightly lower than that of the ISN laboratory. The counting rate is 0.39Hzcom™? for
a threshold of 100 kel. This value is compatible to the counting rate of 6000 Hz for
3m?, measured in the neutrino oscillation experiment with a 600 [ detector outside its
shielding for a threshold of 200 keV. About 8 % of the gammas have an energy between
1.4 and 3 MeV, and 0.2 % at an energy higher than 3 MeV. The anti-Compton detector
will expose a total surface of 25 m?, this would lead to a total counting rate of ~ 10°Hz
without shielding. A 15 cm thick layer of Lead has a suppression factor of 3 order of
magnitude and will be more then sufficient to shield against this source of background.

Nuclear reactors produce an important quantity of active gas by fission (Krypton,
Xenon) and by activation of rare gas (Argon). Radicactive dusts (Cobalt) are also pro-
duced from abrasion of activated metals. Completely harmless when outside of the shield-
ing or the anti-Compton, these contaminants and in particular single beta emitters are
very dangerous when they arrive at the level of the TPC. The anti-Compton is air tight
during normal running time. The experimental area is already furnished with fresh air
from outside of the reactor building through filters. Special cares however have to be taken
during the time of the installation of the detector and when interventions on the inner
part of the TPC are necessary. After such interventions, and if it is needed, it could be
possible to eliminate any residual radioactive gas by filling the chamber with a purified gas

10



and then empty it down to a good vacuum. A Nal moritor will be operated permanently
to measure the ambiant radioactivity and io signal any abnormal increase of aciivity in
the air.

Reactor associated gamma flux have been measured with an Nal crystal (4" high
and 5" in diameter) outside shielding in the area RO060 at 15 m from the core of the
reactor. The counting rate difference between reactor on and off is 0.026 = 0.002Hz
for neutron capture gamma rays (E, > 3.5MeV). In RO70, at 18.6 m from the core,
where we shall install the experiment, there will be twice more (6m instead of 3 m)
concrete shieldings against radiations from the core, the residual gamma flux will be
completely insignificant. No neutron flux associated with the reactor has been measured
in the BUGEY-] experiment. An upper limit of 20 n- A1 - m~2 could be deduced from
the uncertainties of measurements. Such flux of nmeutroms, if it really exists would be
completely suppressed by the supplementary 3 m of concrete. The basement of Bugey
hes an overhead loading of material equivalent to about 20 m of water. The cosmic muon
flux is suppressed by a factor 4. The muon counting rate is 31.6 s . m 72,

II1.2 The reactor spectrum

Reactors have been used extensively over the recent years -as neutrino sources for
vanious experiments. Much attention has been devoted to the reactor spectrum. The
neutrinos are produced in the 8 decay of the fission fragments. In a pressurized water
reactor (PWR) such as Bugey the fragments of 20/ 239 Py 23807 and 241 Py contribute
55 7, 33 %, 7 % and 5 % respectively on average. The time dependence in the reactor
cycle is weak and well known (33]. The BUGEY-II experiment [40] was dedicated partly
to the study of this effect. Neutrino fiux were measured at seven periods along an annual
burning cycle. The changes of neutrino event rate were in good agreement with predictions
deduced from the burn-up evolution provided by EDF.

The D, spectrum for each one of these isotopes must be determined. Two approaches
have been taken. One is to calculate the spectrum from the vields and decay schemes of
the fission fragments. At low energy long lived low endpoint fragments with well known
yields and decay schemes dominate so that the calculations are relatively straightforward.
At higher energy however short lived nuclei with poorly known or totally unknown yields
and decay schemes become more important. Models have to be used which limits the
accuracy. The more recent and more elaborate of these calculations achieve a precision
of a few percent below 2 MeV and around 20% at § MeV [47], [48], [9]. The general
feature is a rather smooth distribution peaking around 0.5-1 MeV and extending up to
8§~10 MeV.

The other more pragmatic approach comnsists in measuring the £ spectrum of the fission
fragments of a given isotope, and to use that information to derive the corresponding o,
spectrum. The best measurements to date have been performed at the Institut Laue-
Langevin in Grenoble. Thin targeis of fissile isotopes sandwiched between Ni foils to
contain the fission fragments were exposed to a high flux of thermal neutrons near the core
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of the reactor. The energy of the §’s was measured using the BILL magnetic spectrormeter.
The major isotopes 233U and #**Pu, as well as ?** Pu have been investigated this way [49],
50], {51]. The precision on the 8 specira is around 2 % for kinetic energies above 2 MeV.
Essentially these spectra are superpositions of a large number of § decays with allowed
shape Ps. They can however be approximated well by 2 superposition of 2 limited number
of them, say 30:

Ng(E.) = 3 aiPa(E., By, Z). (6)

The endpoint energies Ej are chosen at regular intervals. The distribution of Z*, the charge
of the fission fragment, as a function of the endpoint energy is taken from experimental
data. The yields a; are varied until good zgreemert is found with the measured specirum.
The 7, spectrum is then obtained from the same set of a;:

NJE) =Y aiPs(Ey— E, E, Z°). (7)

This procedure was shown to introduce very little additional uncertainty. The spectra
determined this way have uncertainties around 3 % between 2 and 8 MeV, much better
in the upper part of that window than those of calculated spectra, with which they agree
within errors.

For 238/ which has a large fission cross-section for fast neutrons no such measurements
exist and one has to rely on calculations. Fortunately 2**U does not contribute much (~ 7%
in a PWR) to the total spectrum and adds only lttle to the error. That total reactor
spectrum is the weighted average of all the spectra of the individual fissile isotopes. Iis
uncertainty between 2 and 8§ MeV is thus also around 3% (68 % confidence). For energies
below 2 MeV the calculated spectra must be taken which, in that energy range, also have
uncertainties of order 3%.

It should be added that these spectra allow to reproduce well, within an wncertainty of
6 %, the et spectra from the reaction 7.p — e™n observed in the Goesgen and BUGEY-I
experiments [33], [52], assuming no neutrino oscillations.

The energies released per fission have been measured with good precision (53], but
there is a further source of uncertainty on the normalization of the U, reactor spectrum:
the power of the reactor in general is known to within 2 % only. In all, thus the error on
the reactor spectrum in the energy range is of order 3.5 %.

For energy lower than 1.5 MeV we should take into account 77 coming from £~ decay
of 290 (Qp = 1.266MeV) and **Np (Qp = 0.721MeV). The associated intensity of 7.
is directly related to the production of ***Pu and can be accurately evaluated. In the
previous discussions, we have neglected the neutrino flux due to activation of materials of
the internal structure of the core. In 2 PWR type power reactor about 2 % of neutrons
are captured by materials of the internal struciure (Zircalloy and stainless steel) and 2 %
of neutrons are leaking outside the core znd will be captured by reactor tank also made
out of stainless steel. Most of the neutron aciivation products will lead to stable nucle
after dexcitation by gamma emissions. Only a small fraction will yleld B* emitters or
electron captures. The associated neutrino flux can be estimated from the composition
of the materials. The ratio of 7, from activation to 77 from fission with energy higher
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than 500 kel has been evaluated to be a fraction of 10~2 and the ratio of v, / 7; to be

a fraction of 10™*. These values are consistent with results obtained for the ILL reactor
[54].
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IV. DETAILED DESCRIPTION OF THE DETECTOR.

IV.1 Acrylic vessel.

The TPC vessel, a cylinder with inner length 158 ¢m and inner diameter 90 cm, 1s
made from acrylic, a material which can be procured with very low level of activity. The
walls have to be thick enough to withstand the pressure difference between the scintiliator
and the gas, which will be kept as low as possible, but no more, in order not to absorb
too many photons, which would reduce the efficiency of the anti-Compton. A thickness
of 1 ern for the cylinder itself and of 2 cm for the Lids seems a2 good compromise.

We verified that the outgassing of acrylic does not lead to a degradation of gas purity
leading to reduced attenuation length or energy resclution. For this, a prototype TPC with
acrylic containement vessel has been constructed in Gran Sasso. The TPC, including its
gas purification system, is otherwise very similar to the mini-TPC with steel containement
operated in Neuchétel for other tests, and described in [55]. The TPC has been successfully
operated with C Fy up to a pressure of 5 bar. The attenuation length was measured with
a 55 Fe source moved inside the chamber. It was found to be 673 m at 5 bar, as large as
in the mini-TPC with steel containement.

In addition, the cage of Cu field shaping rings in the Neuchétel mini-TPC has been
replaced with an acrylic cylinder of diameter 15 ¢m. The field shaping rings are painted
on the outside with silver paint, and are connected with resistors. Good muon tracks,
such as those shown in section IV.3, have been obtained with 5 bar of CF;. This is a
second, less quantative, proof that the gas quality can be maintained in 2 an acrylic ves-
sel. It also shows that it will be possible in the final TPC, to mount the fleld shaping
rings on the outside of the acrylic vessel, which will thus be active over its entire diameter.

IV.2 Gas purification.

The gas will be purified in the same way as in the prototype TPC’s. Before filling, the
system is evacuated to high vacuum (at least 107° mbar) with a turbo pump. The gas
introduced into the chamber is the cleanest CF; commercially available (99.999% pure).
To achieve and maintain the required purity, the gas will be circulated in closed circut
through an Oxdsorb filter to remove oxigen and through a cold trap to remove water and
possible freon contaminations. The ccld trap consists of a steel spiral, immersed in an
ethanol bath kept at 2 constant temperature of —95°C, just above the CF; boiling point
at 5 bar.

If necessary, the gas can be recovered in a battery of cylinders immersed in liquid
nitrogen, as is done presently with the prototype TPC’s.
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IV.3 Wire planes, ¢ — y pad.

The wize planes comsist of a grid, which defines the electric drift field, along with the
cathode and the field shaping rings, an anode plane, where the electrons are collected and
amplified, and an z — y plane, which picks up the induced signal, used for the spatial
information along the = and y axis. The information along the z axis parallel to the drift
field 1s derived from the time evolution of the signals.

The grid and the anode plane are mounted on the same frame, and are separated by
2 9 mm gap. The distance between grid wires {100 um W wires) 1s 4.66 mm. The anode
wires (20 pm W wires) are separated by potential wires (100 pm W wires). The distance
between anode wires, and potential wires, is also 4.66 mm. All wires are mounted with
cnimps, a method successfully used in the NEMO detector [56]. We prefer this solution
to soldering the wires on background reasons. All solders, to our knowledge, contain to a
certain degree #'9Pb, which gives rise io bremsstrahlung v rays from 3 activity below 0.5
to 1 MeV. The wires are positioned with pins, which should give a precision better than
20 pm. We are presently building a small scale prototype of the anode plane, using the
cimping technique, to be tested in the mini-TPC. It is shown in fig. 7. The final plane
will be very similar, except of course for the overall diameter, and will have an additional
Cu or carbon fiber reinforcing ring.

The z-y plane consists of a 100 um thick PET foil stretched on a frame, to be fixed to
the anode frame. The z strips are deposited on one side, the y strips, of course crossed,
on the other one. To reduce the capacitance, the same pattern as in the prototype, shown
in fig. 8, will be used. The strips are placed so that the overlap 1s rninimal. The pitch,
distance from strip to strip, is 3.3 mm. The distance from the anode to the z-y plane
is 3 mm. This construction avoids heavy mounting pieces, which would absorb ~’s, and
reduce the anti-Compton efficiency.

From the electrical point of view, the planned planes are close to these in the Gotthard
1*Xe TPC, which give good anode and z — y signals. Also, a protetype = — v and anode
plane, made with classical mounting techniques, but very similar otherwise, has been built
for our mini-TPC. The z and v piich is 2.8 mm, and the anode one 4.0 mm. It has been
successfully tested at 5 bar of OF,, with a drift field of 500 V- em 1. Examples of cosmic
muon tracks obtained with the simple discriminator scheme used in the Gotthard *¥%Xe
TPC are shown in fig. 3. The spatial resolution along the z and y axis is around 3 mm {1
o). Along the z axis, it is of order 7 mm. The limitation in this case comes however from
the high drift velocity in CFy (~ 3.5 —4 cm - ps~?), combined with the relatively slow
response of our electronics. This can be much improved by using a more sophisticated

read-out electronics, such as that we are planning to use, with fash ADC’s running at 25
MHEz.
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TV.4 Read-out electronics.

Flash ADC’s (FADC) will be used to read-out the pick up plane and the anode plane.
The FADC chanrels will be coupled to the z — y strips via preamplifiers based on LeCroy
TRA1000 hybrid circuits. A drifttime resolution, giving a position resolution along the
TPC axis of about 1 m, will be achieved by sampling the preamplified signals. A position
resolution of about 1 mm in the transverse plane will be achieved by calculating the center
of gravity of the signal amplitudes on neighbouring strips as a function of dnfttime.

For an electron drift velocity of 4 cm /s in 5 bar CFy gas the FADC system has to
be operated at a 25 M Hz sampling frequency, corresponding to 40 ns sampling time.
In order to cover the maximum drift length (1.58 m) a memory depth of 1024 words is
required. We plan to use the commercially available Struck DL350 FADC system, which
fullfills these criteria. To read out the entire @ — y plane 514 channels are necessary. The
ADC’s will be running continuously, and will be read out when a signal above threshold
is detected on the anode. Measurements are currently being performed with a FADC test
system and the mini-TPC; 25 z and 25 y channels are insirumented.

‘In the following, we give some more detailed information on the comnfiguration we
envision. Figure 11 shows the DL350 Struck Flash ADC system with VME read-out. The
CPU will be replaced by a Macintosh Ilfx for control and monitoring. The Mac is linked to
the VME crate via a MacVee VME controller (located in the VME crate) and the Micron
card (located in the computer). Up to 24 FADC DL363 modules (192 channels) can be
operated in a single DL350 FADC crate. Three of the four additional slots are occupied
by the sampler (DL352), the tester (DL303) and the scanner and hit detector (DL357)
which is a VME interface performing zero suppression. The DL383 module digitizes 8
channels in parallel with a maximum possible sampling rate of 100 M Hz and a resolution
of 8-bit. A non-linear response function can be used to increase the amplitude resolution
on small signals. The DL363 khas a memory of 1024 words per channel. For 600 chanaels,
3 DL350 crates and one VME crate are necessary.

The sampler module DL352 is the central timing controller in a DL350-System. It
comsists of a programmable clock (6.25, 12.5, 23, 50 and 100 M Hz), address counters
and a set of registers for start/stop control. The system will be operated in 2 Common
Stop sampling mode. After reception of a START command the sampler generates Data
Strobes (DS) and increments its address until it is stopped by an external front panel
STOP pulse (trigger signal from the anode wires of the TPC).

A DL350 FADC/VME system is currently being operated by the Obelix coliabora-
tion at CERN/LEAR. We have tested such a system by CAMAC using an external pulse
generator or the DL303 tester as an analog signal generator. A program using the Think-C
Mac package was used for control and monitoring and for online analysis and display of
the data. Results obtained with a 25 M Hz sampling frequency will be discussed.

To achieve a good time resolution the rise time of the pulse should be long compared
to the 40 ns sampling time (at least 100 ns), to determine accurately the drifttime. The
FADC’s cover an input voltage range from 0 to 600 mV. Two test signal were used, one
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directly from the external pulser (rise time 100 ns)} the other from one of the preamplifiers
(rise time 300 ns). Both amplitudes were normalized to 130 mV. Figure 12 shows both
analog signals. The corresponding digitized signals are plotied in fig. 13 as a function
of time. Only the first 128 bins among 1024 are shown, one bin corresponding to 40 ns.
About 8 time samplings can be obtained from the preamplifier (fig. 13b). This corresponds
to ~300 ns mise time and allows a good determination of the time and amplitude by pulse
shape analysis. The procedure was repeated with different input amplitudes.

We are confident that the proposed configuration, with this read-out electromics, will
give sufficient spatial information. In particular, it will allow to determine the original
direction of a track from its 2 first centimeters, before the spread from multiple scattering
1s too Jarge. Thanks to the low activity shieldings and on-line veto against cosmics, the
trgger rates is expected to be low {a few Hz), the data taking will not be a major problem.
To further reduce the size of the data to be stored, on-line zero-suppression will be applied.

IV.5 Anti-Compton, scintillator, light collection

The anti-Compton will be essentially a quasi hermetic coverture of hquid scintillator
(NE235H or equivalent) around the TPC chamber. The thickness is 60cm for the ends,
and 50cm on the cylindrical periphery. The Lquid scintillator NE235H is a familiar prod-
uct of Nuclear Enterprise. It is based on mineral oil and is compatible with acrylic. It
can be procured with a transmission length of more than 10 m, and a light yield of 50%
anthracene. The 38 photomultipliers (8" EMI 9351 low activity tubes) will be attached
on two frames to form two concentric circles at each of the ends. Surfaces between pho-
tocathodes will be painted with titanium oxyde (750, )or covered with a thin teflon sheet
for light reflection. The phototubes will be directly immersed into the liquid for optimum
light coupling. .

A good light collection is crucial for the experiment. To reach the anti-Compton
rejection efficiency required, the detector must be able to trigger at a threshold of 100
keV. The light collection has been studied by Monte-Carlo simulation [57] taking into
account the geometries of the vessel, TPC and photocathodes, the light emission spectrum
and attenuation lengths of the liquid scintillator as well as the quantum efficiency of the
phototubes. With cylindrical walls acting as specular reflectors and end faces as diffuse
reflectors (TiO2), the total number of photoelectrons collected for the most unfavorable
points at the medium plane of the anti-Compton would be 140 per MeV | distributed over
the 38 phototubes. This number could be inicreased by 65% to 234 photoelectrons per
MeV by using total reflection. The reflectors considered for this are double curved lucite
parels, sealed on the edges, separated by an air gap and a highly reflecting aluminum foil.
The configuration preferred for the simplicity of its realisation is the one with cylindrical
walls painted also with titanium oxyde, the number of photoelectrons expected is in this
case 184 per Mel/. An alternate version in which the photocathodes are surrounded by
large parabolic specular reflectors, covering 3 times the surface of the photocathode, does
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not lead to a significant improvement. This is because the additionnal Light collectors
disturb the existing diffuse reflectors. An anti-Compton prototype (1 m long ard and
0.46 m in diameter equiped with a 8" phototube) has been built in Grenoble to study
more in details the light collection.

This prototype is also used to measure experimental rejection efficiencies at different
energy thresholds. A Nal cristal can be intoduced into the center of the Anti-Compton
prototype. It then simulates the TPC and detects gamma rays from an external calibrated
source with and without the rejection of the anti-Compton.

In the experiment, the anti-Compton will trigger at three levels on the sum signal of
all phototubes. The first threshold, at around 100 keV, will give the anti-Compton signal.
A second signal will be produced above 1 MeV. This signal will come with most positrons
produced in the reaction ¥, + p — e* + n. And there will be a third threshold at several
MeV, signaling cosmic muons. For complete information, each PMT will in addition be
fed into 2 FADC channel similar to those for the £ — y plane.

IV.6 Steel vessel, shielding.

The container of the liquid scintillator will be a stainless steel vessel of cylindrical
shape (2.80 m long, 2 m in diameter), designed to support a pressure of 3 bar. The wall of
the vessel will be about 1 em thick and will be reinforced at regular distances so as to be
able to support the lead shielding of 15 cm thickness. To reduce the neutron fiux created
in the lead by the cosmic muons, there will be a layer of 10 em of borated polyethylene
surrounding the steel vessel. The vessel and the shielding will consist of a fixed central
part and two movable doors to allow access to the TPC and the phototubes. A drawing
of the detector and the shielding is shown in fig. 10. A commercial company will be
involved in the design and construction of the vessel. For safety reasons, the vessel will
be equiped with two calibrated valves to prevent any accidental overpressure. The safety
valves as well as the normal purging valve will lead to a ballast container of 8 m?® which
will be installed in the room next to the experimental area. This ballast will also be used
as storage when draining the vessel.

A pressurization system will be installed which maintains a differential pressure as
small as possible between the acrylic vessel and the liquid scintillator. The § bar of pres-
sure in the C Fy will essentially be supported by the steel vessel. This system will be tested
on a medium scale prototype, built in Padova, comprising a stainless steel vessel of 80 e
diameter, and 90 cm height, with an inner acrylic vessel of 40 cm diameter, and 50 cm
height. The steel vessel has acrylic windows, so that PMT’s can be mounted.
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IV.7 Material activities.

To maintain the background at an acceptable level, all components must be made from
radiochemically clean components. The contamination level must be particularly low in
materials entering in large quantities, like the liquid scintillator. The choice of materials
for the different components is discussed in the following.

The materials close to the detector entering in large amounts are the acrylic, and the
liquid scintillator. We will choose a mineral oil based scintillator, such as NE235. Mineral
oil can be procured with a concentration in Tk and U well below 10-12 g/g [58]. This
level can be maintained in the scintillator, since the additives (pseudo-cumene) are also
very clean [59]. In any event, we will test samples of the scintillator to be used on a mass
spectrograph in Mainz, sensitive to concentrations as low as 10-12 g/g.

The radicactivity of acrylic has been measured in the germanium detector placed in the
underground low activity facility of the Gran Sasso Laboratory [60]. The activity of the
acrylic has been found to be below the sensitivity of the germanium detector (~ 10%/g
for U and Th). Different techniques have been developed by the SNO Collaboration [61]
to determine ultra low concentrations of Uranium and Thorium. It was shown that acrylic
sheets with a concentration in U and Th of ~ 1012 g/g are commercially available. This
more than fullfills our needs. _

The C'F; gas itself enters in much smaller quantity, and can be cleaned very efficiently.
Our gas purification scheme, with a cold trap, should remove all Radon contamination,
in particular if we use active charcoal, or brass wool [62]. We have verified with our mini-
TPC that Rn can be removed even at —95°C, the temperature at which we are working.
It must also be mentioned that with the imaging capability of the TPC, in particular
the ease with which it sees a particles, and with the anti-Compton, the decays of Radon
dangthers can be identified to a large extent, approaching 90 %. Only those decays where
one single B is emitted escape identification.

Small components for the TPC such as epoxy frame, resistors, screws, connectors,
O-rings and so on can be tested to a purity of 107%-10~9 g/g with low background Ge
detectors. We have access to two such detectors, in Gran Sasso and Neuchétel, which we
will use to select components.

The phototubes and the steel of the external vessel are further away. Nevertheless,
they must be selected with care. We have chosen low background EMI 9351 phototubes
for the anti-Compton: the concentrations in Th,U and K are 2-107%,2.107®, and 3-10-5
respectively [59].

The most dangerous radioactive contaminant of stairless steel is °C 0, because of the
1.17 and 1.33 MeV 5 rays emitted in its decay. In the measured sample produced by
CSM-Rome a contamination of 9.6-10~'® g/g has been found, which corresponds to an
activity of 0.04 Bq/kg. The best measured sample has a contamination in Cobalt 6 times
lower, it is from Kunze {Germany). It is carbon steel however, and we have to verify that
this is suited for our purpose. For all the measured lead sampies upper limits for activity
due to the components of the I/ and Th chains in secular equilibrium are of the order of
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10~ g/g. This is rather low, and should not be at the origin of any significant background
in our experiment. However, there is a very different contamination of **°Pb, which, with
its daughter nuclides 22°B: and *'°Po, is responsible for the intrinsic radioactivity of lead.
In particular, the energetic ( 1.16 MeV ) beta rays of **°Bi induce characteristic X-rays

and bremsstrahlung in the energy region below 1 MeV,
The activity due to 2°Pb is of about 190 Bg/Kg in modern lead and below 1 Bg/kg

in old Roman lead and special low radioactivity lead {63].
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V. SIGNAL AND BACKGROUND.

V.1 Event rate, simulation

The expected rates at 18.6 m from the 2800 MWtk Bugey reactor have been calculated
using eq. 3, assuming W and Z exchange only, and are given in table 3. The accepiance
for fully contained electrons was estimated by Monte-Carlo simulation using the GEANT
code. These rates have to be compared to background rates, which are estimated in the

Table 3: event rates assuming weak interaction only

T(MeV) | Acceptance Events/day
’ (Contained) Tee~
0.5-1 0.85 5.1
> 1 l 0.65 ’ 4.6

following.

The background events originating from the various sources described in the following
- paragraphes were simulated by Monte-Carlo method using the code GEANT [65]. The
simulation was focussed on 8 and 7 1ays issued from different parts of the detector, since
they are by far the dominant generators of a single electron recoil in the TPC. Such
an event was defined by an energy deposition threshold of 500 keV in the gas, together
with a maximum energy deposition of 100 keV in the anti-Compton liquid scintillator.
Further requirement was the fully containment of the electron track with a direction of
emission opposite to the reactor. Due to the possible lack of precision in the case of the
lowest inefficiencies, the results were cross-checked in different ways. F irstly by comparing
them to the results obtained with another Monte-carlo code [66], secondly by smoothly
extrapolating the results obtained by slowly varying several parameters of the detector
(size, thickness of liquid, density of media...).

V.2 Background from cosmic muons

While cosmic rays crossing the detector will be easily identified and rejected, muon
interactions in the surrounding material or in the detector itself can create long-lived
radioactive nuclei in the TPC, generating electron-like background events. Interactions
within the fiducial volume can produce activity in two ways: stopped muons leading to
capture, and inelastic scattering of through-going muons inducing production of spallation
nuclel. These interactions of muons within the large amount of surrounding material

(shielding, scintillator) produce neutrons (and gamma rays) which can penetrate the TPC
and be absorbed.
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V.2.1 Cosmic rays flux.

The experimental site in Bugey is located below concrete shielding, and protected from
cosmic rays by about 2000 g - em™%. At this depth the soft component (hadronic and
electromagnetic), which amount for 1/4 of the total flux at see level, is negligible. It is
almost completely attenuated in the first 1000 g - em™2 [67]. The muon flux, with mean
attenuation length around 1400 g-cm™? at this depth, was measured at the Bugey site by
the present running experiment and is 32 u-s~*-m~2. The whole detector has a projected
area of 15 m?, one then expects an overall counting rate from muons in the anti-Compton
of 480H z. After aitenuation in lead and liquid the flux of muons impinging the TPC will
be N, =2.4-10% -m™%-day™'. Nearly 0.12% of these muons will stop in the C'Fy. Since
45% of them are negative, one is left with N, = 4.4 . 10® stopped negative muon per day
in the fiducial volume.

V.2.2 Stopped muons.

In low Z materials most of stopped muons will decay (7 = 2.2us) and the 'prompt’
electron will be rejected. The probability P of muon capture versus decay depends on
an effective charge Z of the material as P = Cte- Z* Typically P = 17% in *¢0
[68]. A u~ is captured by a proton of nucleus as p~ + (Z,4) — (Z — 1, A)" + v; the
excited residual nucleus then decays by particle emission, mostly neutrons [69]. In mixed
compounds as C'Fy muon captures are distributed around **C (14%) and **F (86%) nuclel
(70). This leads to 37 captures per day in *C and 980 in '*F. In the case of fluor
the excited residual nucleus decays mostly (~ 75%) to stable isotopes of oxygen. More
troublesome are the formations of **0(Qs = 4.6 M eV, Ty, = 27s) with 0 neutron emission,
and ¥N(Qz = 13.9MeV, Ty, = 0.63s) with proton emission. These two nuclel will be
produced at a rate of respectively 127 and 98 per day. However these 8 decays are always
accompanied by one v at least. The inefficiency of the anti-Compton (2 - 107%) will leave
us with respectively 2.5 and 2 background events per day. The tracking rejection of the
TPC (angle, threshold, and track containment) will allow to lower the rate of those events
to respectively 0.45 and 0.2 per day. At the same time p~-capture on Carbon leading
to *2B(Qg = 13.4MeV,T1;; = 0.025) which is the more dangerous since it is & pure beta
decay, can be estimated in a similar way to 3.7 1B formed per day, lowered to 0.37 per
day with tracking rejection. The total rate of bakground events from muon capiure in the
gas is then estimated toms 1 - day™?. In addition the short half-life of **B and **N allows
vetoing by a signal of a few sec starting at the detection of a stopping, non decaying p~
in the TPC. This number can then be reduced to

Ny =0.45 - day ™.

V.2.3 Interaction of through-going muons.

The production of unstable long-lived nuclet by inelastic scattering of muons is not easy to
calculate due to the many nuclear processes involved. An estimation has been drawn as the

22



following. Data on muon-induced neutron production exist for underground experiments
{71]. Tke energy dependerce of this neutron production is known to vary as < E >0
[72]. One can reasonably expect that the neutron production reflects the nuclei production.
Long-lived A = 12 beta activity induced by through-going muon interacting with 80 was
measured at Kamiokande [73]. It was observed there that 95% of muon interaction lead
to prompt events, and less than 5% to delayed beta activity. The neutron production at
this depth is around 3 - 107 *neutron/u - g - em™2, for muons with mean energy around
200 GeV. In the Bugey site one expects ten times less neutron per muon due to energy
dependence of the cross-section (the enmergy of muons at 20 m.w.e is 10-15 GeVy). If
neutron production reflects the number of reactions, then one expects 130 reactions per
day leading to spallation-like nuclei in the gas. The number of delayed events is estimated
to 5% of these reactions, say 6.5 per day. In the region of mass considered here, most of
the possible produced nuclei are either stable or % emitter then rejected at a 98% level
through the annihilation 7’s. In the present case, one expects that at most 10% are pure
B~ emitter, and with the angle rejection criterion one is left with less than 0.3 background
event per day. This number can be reduced to a negligible level when triggering threshold
and track containment are required. For example, °Be which can be produced via u — C
reactions (C nuclei amounts only to 14% of the target) has Qe = 0.555MeV and more
than 90% of electrons are rejected by the 500 keV threshold. ®N or C have a high
Q-value and in these cases the containment efficiency is 20%. To conclude here one thinks

that such events due to through-going muons contributes to the background at a marginal
level.

V.3 Neutron background

Neutrons can be considered as the potential main source of background in the proposed
detector. Neuiroms themselves can be absorbed in the gas, if they penetrate the TPC
volume, but principally they generate 2.2 MeV ~’s when absorbed by protons of the
hydrogen-rich surrounding scintillator. The life-time of neutrons in the scintillator is
Tn = 180us. Three sources of neutrons are to be considered: neutrons from interactions of
cosmi¢ muons in the detector (lead and liquid scintillator), neutrons from 7, — p reactions
in the liquid scintillator, and reactor correlated neutron background.

V.3.1 Neutrons from interaction of muons in the detector material.

V.3.1.1 Neutrons production in the scintillator.

e Stopped muons. Nearly 7% of the incoming negative muon flux in the detector will
be stopped in the liquid scintillator. Of these, 5% lead to muon capturein C; around
80% of the capiures are followed by neutron emission. Then 5-10* neutrons per day
are produced homogeneously in the liquid scintillator.

» Direct interactions. Inelastic interactions of muons produce 3 - 10~5 neutron/{p - g -
em™?). Then, in the 7.85 - 10%¢ of liquid, these reactions generate 6.3 - 10* neutrons
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per day.

e Neutron and « rates. The total amount of neutrons created in the scintillator will
be N, = 1.13 - 10° neutrons per day. The simulation with the MORSE code [74]
shows that nearly 88.7% are absorbed in the liquid, leading to the production of
1.0 - 105y per day. For these 2.2 MeV v’s, uniformly emitted in the liquid the
rejection efficiency is 9 - 107%, The expected background event rate for this process
is then ~ 0.9 - day™*. Vetoing for 200 s will reduce this number down to

N, = 0.30 - day™.

Only 1.6-107* of the neutrons are absorbed in C Fy ending with the formation of 18
20F per day. The rejection of such events will be discussed in section V.3.4.

V.3.1.2 Neutrons production in the lead shielding.

The lead shielding is 15 c¢m thick and out of the 480 p - s7!, 11.5% will stop in the
lead.

o Stopped muons. Nearly 2 - 10%:~ - day™! stop in lead. Almost all are captured,
and the mean multiplicity of neutron emission following capture is ~ 2. Then one
expects 4.2 - 10° neutrons produced per day.

e Direct interactions. Assuming the same mean neutron production rate as described
above (3 -107%) in the 4 - 10%g of lead, 3.25 - 10°neutrons per day are produced.

e Neutron and -« rates. The neutron simulation [74),[75] shows that from the total
rate of 4.55 - 10%n - day™? produced in lead, only 28.2% are not escaping outside
the detector. The profile of the neutron absorption shows that 86% of this flux
1s absorbed in the first 10 em of borated polyethylene inserted between the lead
shielding and the anti-Compton. The capture of residual neutrons on the hquid
scintillator leads to 0.18 - 105 - day~'. Only 2.5 - 107° of the 4’s produced in this
region can contribute to the background in the TPC; this amounts to 0.45 per day.
About half of the stopped muons will occur in the lower part of the lead and will be
detected by the anti-Compton. This number can then be reduced after vetoing to

N, =0.30-day™?.

This rate can be further reduced if needed with external veto counters. These
counters could be the muons detectors of the neutrino oscillation experiment. Of the
total meutron rate, only 2-107%% are absorbed in the C' Fy leading to the formation
of 0.0 2°F per day.
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V.3.2 Reactor correlated background.

As discussed previously in section IIL.1, the upper limit of the neutron flux associated

with the reactor 1s ¢, < 20 neutron - h=! - m~2 at the 13.5m position. This flux will
be completely suppressed at the 18.6m position, since the concrete shieldings against
radiations from the core is more than doubled here.

V.3.3 Neutrons from 7, — p in the liquid scintillator.

Neutrons are produced through the reaction v, +p — n+et. At 18.6m from the core the
neutrino flux is ¢ = 1.2.10'%%, - s71 - em™2. With Ng = 5.04-10%® hydrogen target nuclei
(in the liquid the ratio H/C = 1.77), and a cross-section ¢ = 107®cm™2, the number
of produced neutron is N, = 5.2 - 10* neutron - day=. Out of these, 95% are captured
in the scintillator and 4. 107%% in the gas. The former leads to the production of 0.48
bacgkround events from the 2.2 MeV 4's, the latter to the formation of 2.1 20F per day.
However, most of the 7’s are emitted with a delay time equal to 7, after the prompt pulse
of the e* from 77 — p. Hence vetoing for 200us will reject this background by a factor 3
and leads to

N, =0.16 - day ™.

V.3.4 Total background events from neutrons.
The background events from 2.2 MeV ~'s sum up to:
N; =0.30+0.30 +0.16 = 0.76 - day™ L.

Around 20.4 *°F per day are formed via neutron capture. This nucleus is beta-radioactive
(@a- = T.03MeV, Tis2 = 11.4s); however 3 are emitted in coincidence with a 1.63 M2V ~y
with 100% branching ratio. The rejection inefficiency is 7.5 - 10~3 (including tracking
rejection). Then originating from this process we are left with

Ns = 0.15 - dey™%

V.3.5 Summary of backgrounds from cosmic rays and neutrons

The background event rate due to cosmic rays and neutrons is given by the sum of V;
due to stopped muons (V.2.2) plus N, and N; which have just been discussed:

Nikga = 0.45 + 0.76 + 0.15 = 1.36 - day .
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Table 4: Simulated background event rates from cosmic rays and 77 — p reactions

L origin l medium l type ]events/da.y[ rejection [Tota.l]

0 0.45 0.45
Gas 18N 0.20 veto ~ 0
Cosmics 2B 0.37 p-track ~ 0
Liquid + | (n,v) 0.90 veto 200us | 0.30
Acrylic
Lead + | (n,7) 0.45 veto 0.30
Steel
Gas 3 0.15 0.15
| Zo-p ] Liquid l (n,~) [ 0.48 I veto J 0.16 J
t Total 58 | | 1.36 |

V.4 Natural activities

V.4.1 Shielding materials and outer parts of the detector

The natural activities of acrylic, scintillator liquid, steel, phototube and lead samples
have been discussed previously in section IV.7. A summary of sumulated background
events originating from natural activities of these materials and from the gas are presented
in table 5. Since the external steel vessel is a potential source of bakground due to its
large mass, the effect of two available steel samples are examined. In the case of PMT’s,
the quoted values are obtained for EMI tubes. In the case of lead, usual impurities
mentionned in previous paragraph do not contribute significantly to the background while
the bremsstralung from 1.16 MeV electrons from *°Pb is considered.

The measured activities contribute to a background rate of

Npgga ~ 0.2 - d.'(;r,y_1

with the Kunze steel and of 0.7 . day™* with the CSM-Rome steel. The upper limits
are respectively < 1.76 - day™? and < 3.76 - day™'. These values are mainly due to the
measurement uncertainties of the K contamination.

V.4.2 Inner part of the TPC

The next source of background is natural *°K, ?*2T'h and 238U activity in the inner core
of the detector. Compared to the scintillator the quantity of C Fy is small, and the gas can
be cleaned to a high level as discussed in IV.7. The worst background in the C'Fy above
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Table 5: Simuiated background event rates from matural activities

| medium I concentration [ inefficiency I Events/day f Total N/day ]
Gas U:< 1074 0.22 < 0.05
Acrylic | (U, Thl:< 10712 1.4 10-* < 0.1
Jiquid | U :< 10712 i0-° < 0.08 < 0.23
Steel(1) | Co:9.6 107%° 1077 0.6
CSM- | U:<310°° < 0.58
Roma | Th:< 1078 < 0.6
K:<310°° < 1.45 0.6 < N < 3.23
Steel(2) | Co:1.5 10-1® 1077 0.1
Kunze | U:< 6.8 1071° < 0.13
Th:< 3.9 10~° < 0.25
K:<1.510°° < 0.75 0.1 <N <1.23
PM.T. |U 2108 0.06
Th:2 10~% 0.02
K :310°° 0.02 0.1
Lead | #%Pb < 190Bq/Kg
Bremssirahlung 310712 < 0.2 < 0.2
(1) 0.7 < N < 3.76
(2) 0.2 <N <176

0.5 MeV comes from single 8 of *** Pa { Qpepe = 2.28MeV) in the Uranium chain. The
Uranium level in air in rural Maryland has been measured in [64] to be 2.2 - 10%g/g. One
can expect a lower Uranium concentration in a purified gas. It has also been mentioned in
section IV.7, that Radon can be removed with cold trap and the residual contaminations
can be mostly identified and then rejected.

Other more complex components such as epoxy frame, resistors, solder, feed-throughs
and so on can be tested to a purity of 1075-10-? g/g with Ge detectors. This was done for
the Xe TPC. This background in the C Fy TPC can thus be estimated from the background
measured in the X'e TPC in the Gotthard lab, correcting for the differences in gas and
geometry. This background will be reduced further by the anti-Compton detector (factor
~100, taking into account the v multiplicities), and is shown in table 6. It should be
considered an upper limits. It 1s hoped that the CFy TPC can be made cleaner than the
Xe TPC with the experience gained. In particular, cleaner resistors, developped in the
meantime (factor ten lower in activity} will be used for the resistor chain, and crimps will
be used instead of solder for the wires. A reduction factor larger than 2 is expected. This
Jeads to a backgroud rate from the inner part of the TPC:

Nigga = 1.35 - day'_l.
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Table 6:

Events/day
05 <T <1 MeV {T>1MeV
Xe background 280 32
X gas thickness ratio (0.9) 250 29
X Area ratio (2.0) 500 58
x Anti-Compton (0.01) 5 0.6
X Angular cut (0.5, 0.3) 2.5 0.2

V.5 Signal vs background, capability of the experiment

V.5.1 Signal vs background

To conclude, the total rate from the three main components of background - namely
cosmucs, natural activities from the outer and inner parts of the TPC - sums up to:

kagd ~136+0.24+135=2.91- da'y—l.
or more conservatively to:
Nirge < 1.36 + 1.76 + 1.35 = 4.47 - day™*.

This is to be compared to the expected signal rate of 8.7 - day™! (see table 3)

V.5.2 Capability of the experiment

The total background rate which will be measured during two reactor- off periods (~ 2
months) is thus expected to be smaller than the signal rates in the bin 0.5 < T(MeV) < 1
(5.1-day™?). We remind that the background will be also determined with better precision
from the event rate in the backward half sphere and subtracted. The isotropy of the
backgroud could be verified by relaxing some of the selection conditions. Considering the
signal rates at 18.6 m in table 3, a statistical error less than 3 % should be achievable in
the bin 0.5 < T(MeV) < 1 in one year of measuring time. Combined with a systematic
error of § %, essentially from the reactor spectrum (3.5 %), reactor power and burn-up (2
%) and detection efficiency (3 %), this leads to a sensitivity of

Ly ~ 3+ 10_11,

more than a factor 10 betier than in previous experiments. This sensitivity is mainly dom-
inated by the systematic uncertainties and changes only slowly as a function of the signal
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versus background ratio. The limit value on p, would be around 4 - 107! if background
1s increased by a factor of 4.

The signal rates for the bin ' > 1.MeV ( 4.6 - day™! ) is equivalent to the lower
energy bin, while the contribution from the magnetic moment term is more than a factor
of two lower. We will exploit the ratio of this two energy bins to reduce the systematic
uncertainties. However, to attain lower limits, significantly longer data taking time would
then be necessary. Also we will explore ways to improve the sensitivity by exploiting the
angular information.

With some luck the threshold may be lowered more, say down to 300-350 keV, and a
sensitivity around 2- 107! seems then achievable. Depending on the actual background
situation it may be possible, after the first data taking period at 5 bar, to lower pressure
and threshold without loosing too much in event rate since the electron recoil specirum
peaks at low energies. That would improve the p, sensitivity even more.
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VI. OTHER EXPERIMENTS WITH THE MUNU DETECTOR

The TPC projected for the study of 7.e™ scattering at the Bugey reactor is in fact,
with its tracking capability, a general purpose low energy, low background detector. It
could be used, with minor modifications, for other applications in particle physics. Two
of these are described in the following, they concern the search of neutrinoless double beta
decay, and the search for dark matter particles.

VI.1 Neutrinoless Double Beta Decay

The study of neutrincless double-beta-decay (0v38) provides a test of the fundamental
properties of the neutrino, its mass, and its behaviour under charge conjugation [12]. This
decay requires a non-vanishing Majorana mass for the neutrino, and has been searched
for in various candidates nuclei. Presently the best limits for the half-lives, summarized
in table 7, have been obtained with a solid-state detector using Ge enriched in "Ge by
the Heidelberg-Moscow collaboration {76], and a gaseous detector, a TPC, filled with Xe
enriched in ***Xe by the Caltech-Neuchitel-PSI collaboration [43]. These limits can be

Table 7: Limits (90 % CL) on neutrincless double beta decay.

Ty
“Ge | >1.4-10% yr

16X e | >2.5-10% yr

translated into limits for the effective Majorana mass of the neutrino < m, >, using
calculated nuclear matrix elements. Limits derived with the most recent calculations are
given in table 8. The fluctuations between calculations can be as much as 2.5, which gives

Table 8: Limits on < m, >.

| Caltech [77] Heidelberg [78] Tuebingen [79]
®Ge <3.3-4.6 <1.5 <1.7
¥ Xe | <3.2-4.9 <3 <3

an idea of the associated uncertainties. In view of these, it appears important to search
for double beta decay in more than one nucleus.

These experiments are continuing, they may, in a reasonable amount of time, extend
their half-life sensitivity to 1-10%° yr for "6Ge, and say 2-10**for 1*8 X e. Since the half-lives
scale with < m, >%, one will reach a sensitivity to < m, > of order 0.6-1.5 V.

The Z.e~ TPC is an improved version of the Xe TPC. The Xe TPC has an active
volume of 200 liters, and operates at 5 bars with Xe enriched to 62.5 % in 134 Xe. The
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active volume of the ,e” TPC is 1000 liters, and can be pressurized to 5 bars as well.
Filled with the same quality Xe, it would have 5 times more **Xe atoms than the Xe
TPC. The efficiency for contained events at 2.48 MeV, the transition emergy of 0v3s3
decay, would be 50 %, while that of the Xe TPC 1s 31 %. The effective quantity of }**Xe
atoms would be around 4-10?®. Thanks to the anti-Compton and, to a lesser extent, the
selection of cleaner materials, the background would be around 100 times less, in other
words, essentially inexdstent for the search of 0v88 double beta decay. This would result
1o a sensitivity around
10;'2 ~2-10% yr,

in about ome year of measuring time, an improvement by an order of magnitude, in
comparison with the capability of the present experiment. Correspondingly, the sensitivity
to the neutrino mass would extend down to

<m, >~03—-0.5 eV

depending on the calculation chosen.

Also the sensitivity to two-neutrino double-beta (2088) decay will be improved, es-
sentially by the ratio of normalized backgrounds. Without making any background sub-
~ traction, which is in general not very safe, the present Xe TPC has reached a hmit of

oy > 2.3-10% yr.
The ¥.e™ TPC sensitivity would thus extend up to
T12/Vz ~ 10% yr,

well above the half-life of 77, ~ 1 — 3 -10" yr expected from the Caltech calculation
[77]. This would allow for a stringent test of this calculation, and make the neutrino
mass determination safer. Similarly, a sensitive search of double beta decay with Majozon
emission (80}, [81], [82] could be performed with the 7.e~ TPC.

Since the drift velocity in Xe gas is about 4 to 5 times slower than in CFy, and for
optimal background, it would be desirable to set up the ¥,e™ TPC in an underground
facility for this experiment. At present, 3000 liters of Xe enriched to 62.5 % in 1*®*Xe are
available in Western Europe. It seems that it should be possible to get an additional 2000
liters from Ukraina or Russia.

V1.2 Search for Dark Matter

There are several indications, for instance from the dynamics of stars and gas in
galaxies, that the universe contains a large amount of dark matter, about 3-10 times
more than luminous matter [83]. One good candidate, favored by galaxy formation, is
cold dark matter (CDM), made from heavy, say more than a few GeV, non-relativistic
weakly interacting particles. Such particles would be gravitationally bound in galaxies,
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and would form a non-corotating halo, in which stars would orbit. CDM can, with a small
probability, hit a nucleus of normal matter and transfer recoil energy to it. Although
small, typically a few keV, the recoil can be measured if the nucleus belongs to the active
part of a detector, making direct detection of dark matter possible.

So far, no positive evidence has been found, and the best limits have been obtained
with low background Ge detectors operated underground [84], [85]. The threshold energy
is around 3 keV, and the background level above that is of order 1 count - kg - keV - day.
The masses are of order 1 kg. A large portion in the mass versus cross-section plane can
be ruled out. For Dirac neutrinos, the cross-section is expected to be relatively large, since
it scales essentially with the square of the number of neutrons in the struck nucleus, which
interacts coherently. The Ge limits allow essentially to eliminate heavy Dirac neutrinos
with standard coupling as the main constituent of the dark matter. Dark matter particles
may however have no vector coupling, and only axial coupling, with normal matter. So
are, for instance, Majorana neutrinos, or the lightest supersymmetric particle (LSP), a
mixture of neutrzal gauginos and higgsinos, commonly called neutralinos. The LSP is
presently the candidate preferred by particle theorists [86], [87]. In that case the cross-
section vanishes for spin zero nuclei, and is finite for nuclel with spin, but small since
there is no coherence. For Ge, the only isotope with spin is "*Ge with an abundance of
7.7 %. Therefore, experiments with Ge detectors can only constrain in a limited way the
parameter space of these particles [88].

Two better candidates are F', which is pure **F with spin 1/2+4, and Xe, containing
26.4 % of 2% Xe (1/2+), and 21.1 % of ***Xe (3/2)+. The V.e” TPC, filled with CF,
at 5 bars, would contain a mass of 15.5 kg of ¥¥*F. This is 150 times more mass than
in the ™Ge of a classical Ge detector. With 5 bars of Xe, one would have a total mass
of 29 kg, of which 13.6 kg would be in ***Xe and ***Xe. The energy threshold in the
TPC can be lowered down to 2 to 3 keV. It is not easy at this time ito estimate the
background just above that threshold. There is a reasonable hope however that, thanks
to the anti-Compton and the imaging provided by the TPC, it can be reduced to a level
much less than that in a Ge detector. The TPC would then be a powerful tool for a
search with presently unknown sensitivity for dark matter particles with axial coupling.
With Xe, also a large mass nucleus, the sensitivity would also be very good for particles
with vector coupling, and the sensitivity obtairned with solid state Ge detectors would be
surpassed, and one could look for meutrinos with non-standard coupling {89]. With the
large mass, one could lock for the 10 % annual modulation of the event rate, due to the
change in relative earth-halo velocity, capable of giving a positive signature.

To come back to the LSP, it is not easy to make an exact prediction of what part
of the parameter space can be explored, since the number of parameters is large (3, in
the simplest scheme, in addition to the mass of the LSP). The correlation between these
parameters and the nuclear physics part is strong, and does not follow a simple pattern.
Also, the estimates for a given nucleus can vary significantly from author to author [90],
[91]. But, according to ref. [87], *F is an excellent candidate, and the reaction rate in
the TPC should be above 0.1 to 1 count per day, presumably the detection threshold,
for a large portion of the parameter space. With Xe, one could extend the search to a
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different part of the parameter space. In any event, a search with F and Xe would be
complementary to planned experiments using enriched ™Ge, or Nal [92).

Clearly, to definitely assess the potentiality of the TPC as a dark matter detector, one
needs to know more about the low energy background. We plan to study it, in Bugey,
while taking data on Fe™ scattering. If a level low enough is achieved, it would be very
tempting to move the TPC underground, where the background conditions are optimal,
and look for dark matter particles.
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Figure 1: Contributions to the expected cross-section for T.e™ — T.e™ scattering averaged
over the reactor U, spectrum. The contribution from weak interaction alone (first line of
eq. 3) and from a magnetic moment g, = 107! alone (second line) are shown separately
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Figure 2: General layout of the detector.
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Figure 3: Simulated electron tracks (T' > 0.5 MeV) in CFy at 5 bars from T.e” at a
reactor. The neutrinos come along the z axis, the z — z and ¥ — z projections are shown.
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Figure 4: Simulated angular distribution of the recoil electron determined from the first
2 ern of track in CFy at 5 bar.
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Figure 5: The Bugey Reactor Building
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Figure 6: The experimental area in the basement of the Bugey reactor
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Figure 7: The prototype anode plane with crimped wires. The body of the frame is made
from low activity acrylic. The crimps are fixed to Cu pieces embedded in the acrylic.
The final anode plane will be similar, except for the overall diameter which will be 90 em

interna.l and fOI‘ a ICinOI‘CCIIlCIlt rin cast in the acry]ic and made ﬁom Cu or carbon
H g
ﬁbcr.
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Figure 8: The prototype z—y plane. The z side alone is shown, as well as the superimposed
z and y. The stripes are evaporated on a 100 um thick mylar foil.
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Figure 9: Example of muon tracks observed in the mini-TPC with 5 bars of CFy. The
drift field is 500 V - em™}. The vertical scale is 4 om per unit. The horizontal scale is 0.5
crn per unit.
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Figure 11: The DL350 FADC System Diagram (see text).
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Figure 12: Analog test signals given by the external pulser with and without the pream-
plifier. Both amplitudes are normalized. The signal defined by the preamplifier has the
longer rise time of ~300 ns. Only the first 400 ns (50 ns/div) are shown.
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Figure 13: Digitized signal before (2) and after preamplification (b). The signal amplitude
(vertical axis) is shown as a function of time (horizontal axis). The sampling {requency
i1s 25 M Hz which corresponds to 40 ns per bin. Only the first 128 bins among 1024 are

shown.
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